Cholinergic deficits are one of the most consistent neuropathological landmarks in Alzheimer's disease (AD). We have examined transgenic mouse models (PS1 M146L , APP K670N,M671L ) and a doubly transgenic line (APP K670N,M671L ϩ PS1 M146L ) that overexpress mutated AD-related genes [presenilin-1 (PS1) and the amyloid precursor protein (APP)] to investigate the effect of AD-related gene overexpression and/or amyloidosis on cholinergic parameters.
Cholinergic deficits are one of the most consistent neuropathological landmarks in Alzheimer's disease (AD). We have examined transgenic mouse models (PS1 M146L , APP K670N,M671L ) and a doubly transgenic line (APP K670N,M671L ϩ PS1 M146L ) that overexpress mutated AD-related genes [presenilin-1 (PS1) and the amyloid precursor protein (APP)] to investigate the effect of AD-related gene overexpression and/or amyloidosis on cholinergic parameters.
The size of the basal forebrain cholinergic neurons and the pattern of cholinergic synapses in the hippocampus and cerebral cortex were revealed by immunohistochemical staining for choline acetyltransferase and the vesicular acetylcholine transporter, respectively. At the time point studied (8 months), no apparent changes in either the size or density of cholinergic synapses were found in the PS1 M146L mutant relative to the nontransgenic controls. However, the APP K670N,M671L mutant showed a significant elevation in the density of cholinergic synapses in the frontal and parietal cortices. Most importantly, the double mutant (APP K670N,M671L ϩ PS1 M146L ), which had extensive amyloidosis, demonstrated a prominent diminution in the density of cholinergic synapses in the frontal cortex and a reduction in the size of these synapses in the frontal cortex and hippocampus. Nonetheless, no significant changes in the size of basal forebrain cholinergic neurons were observed in these three mutants. This study shows a novel role of APP and a synergistic effect of APP and PS1 that correlates with amyloid load on the reorganization of the cholinergic network in the cerebral cortex and hippocampus at the time point studied.
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One of the most important neuropathological landmarks of Alzheimer's disease (AD) is the development of C NS cholinergic deficits (Bowen et al., 1976; Davies and Maloney, 1976) . Such deficits are known to correlate with increased cognitive impairments (Perry et al., 1978; Collerton, 1986; DeKosky et al., 1992) and might be the result of death or atrophy of basal forebrain cholinergic neurons (Perry et al., 1978; Whitehouse et al., 1982; Pearson et al., 1983; Katzman, 1986) .
Mutations in three genes have been shown to give rise to autosomal dominant familial Alzheimer's disease (FAD) (for review, see Price and Sisodia, 1998) . These genes include presenilin-1 (PS1), (Sherrington et al., 1995) , presenilin-2 (PS2) (Levy-Lahad et al., 1995) , and the amyloid precursor protein (APP) (for review, see Selkoe, 1994) . These mutations have been shown to alter APP metabolism and to lead to an increase of the amyloid-␤ protein (A␤) peptide level in the brain. Pathogenic mutations in APP (such as APP K670N,M671L ) either affect the N-terminal (␤-secretase) cleavage site of the A␤ domain in APP, leading to elevated levels of A␤1-40 and A␤1-42(43) , or they affect the C-terminal (␥-secretase) cleavage site, leading to the elevation of A␤1-42(43) specifically (Cai et al., 1993; Suzuki et al., 1994; Citron et al., 1992) . Mutations in PS1 (such as PS1 M146L ) all lead to the elevation of A␤1-42(43) only, by an unknown mechanism (Borchelt et al., 1996; Duff et al., 1996; Scheuner et al., 1996; Citron et al., 1997) .
Transgenic mice overexpressing mutated APP show greatly elevated levels of A␤ and develop neuritic amyloid deposits that are highly reminiscent of the senile plaques in human AD brains (Games et al., 1995; Hsiao et al., 1996; Masliah et al., 1996; Nalbantoglu et al., 1997; Sturchler-Pierrat et al., 1997) . Mice overexpressing mutated PS1 only have a small elevation in A␤42(43) levels and do not show overt AD-like pathology (Duff et al., 1996; Citron et al., 1997) . Interestingly, coexpression of mutated APP and PS1 genes has been shown to accelerate the accumulation of amyloid into extracellular deposits so that APP/ PS1 mice develop pathology several months before their singly transgenic APP littermates (Borchelt et al., 1997; Holcomb et al., 1998) .
A recent report showed that APP mutants with extensive amyloidosis display dystrophic cholinergic fibers in the vicinity of neuritic plaques (Sturchler-Pierrat et al., 1997) and cell losses in the hippocampus (Calhoun et al., 1998) . However, the involve-ment of mutated PS1 in the development of synaptic and cholinergic pathologies or the effect of mutated APP overexpression in the absence of amyloidosis has yet to be reported. To quantitatively investigate the effects of expressing mutated human APP and PS1 genes, alone or combined, on the cholinergic system, we have examined the steady state number of cholinergic presynaptic elements in the cerebral cortex and hippocampus in three types of transgenic mice. They include an APP mutant (APP K670N,M671L , Hsiao et al., 1996) , a PS1 mutant (PS1 M146L , Duff et al., 1996) , and a doubly transgenic line resulted from a cross between these two mutants (APP K670N,M671L ϩ PS1 M146L , Holcomb et al., 1998) .
MATERIALS AND METHODS
Perf usion and fixation. Animals used in the study were 8 months old and included mutated APP (APP K670N,M671L ) transgenic mice (derived from line Tg2576; n ϭ 6), mutated PS1 (PS1 M146L ) transgenic mice (n ϭ 7), doubly transgenic mice (F 1 of Tg2576 ϫ PS1 M146L ; n ϭ 5) and nontransgenic littermates (n ϭ 5). All mice were anesthetized with Equithesin (2.5 ml / kg, i.p.) and injected with heparin (4 USP/ kg, i.p.) before perf usion. Animals were perf used briefly through the heart with perf usion buffer (for composition, see Côté et al., 1993) containing 0.1% sodium nitrite, followed by a fixative containing 3% paraformaldehyde, 0.1% glutaraldehyde, and 15% picric acids in 0.1 M phosphate buffer (PB), pH 7.4, for 30 min. Brains were removed from their skulls and post-fixed in the same fixative for 3 hr at room temperature, followed by 10% sucrose in PB at 4°C for 2 d. After fixation, brains were coded to ensure unbiased processing and analysis. The brains were then cut into 50 m coronal sections with a sledge freezing microtome (Leitz) at Ϫ20°C, from bregma 1.40 mm to bregma Ϫ3.40 mm (Franklin and Paxinos, 1997) . Sections from the same brain were separated into four groups for Nissl staining (0.3% cresyl violet) to identif y different cortical laminae, and immunohistochemical staining of vesicular acetylcholine transporter (VAChT), choline acetyltransferase (ChAT), and A␤. These semi-serial Nissl-stained sections were also used to estimate the volume of brains and the thickness of different cortical laminae in the frontal, parietal, and entorhinal cortices from all animals we used.
Immunohistochemical staining. Free-floating immunohistochemical staining was performed as previously described (Côté et al., 1993) . Briefly, 0.01 M PBS with 0.2% Triton X-100 (PBS ϩ T) was used for washing and diluting immunoreagents throughout the experiments, and two PBS ϩ T washes were performed in between all antibodies incubations. Sections from the four genetic groups were processed simultaneously.
VAChT immunohistochemical staining was performed using an avi- din -biotin complex method. Brain sections were treated with 0.1% sodium borohydride (Sigma, St. L ouis, MO) in 0.01 M PBS for 30 min, then incubated with 5% normal goat serum (Sigma) at 37°C for 30 min. Normal goat serum (2.5%) was added to all the solutions containing immunoreagents to f urther reduce the background. A polyclonal antiserum against VAChT (1:8000; a gift from Dr. R. H. Edwards) was used to identif y presynaptic cholinergic sites. Sections were incubated with the antiserum solution for 48 hr at 4°C, followed by two 2 hr subsequent incubations with biotinylated goat anti-rabbit antibody (1:500; Vector Laboratories, Burlingame, CA) and avidin -biotin complex (1:250; Vector) at room temperature. After treating with 0.6% DAB, H 2 O 2 was added, and the reaction was continued for 4 min.
Cholinergic neurons in both the medial septum and nucleus basalis magnocellularis (N BM) were labeled by ChAT immunohistochemical staining. After pretreating the sections with 0.3% H 2 O 2 for 30 min to reduce endogenous peroxidase activity, sections were incubated with a rat anti-ChAT monoclonal antibody (1:10; Boehringer Mannheim, Indianapolis, I N) overnight at 4°C, followed by a 1 hr incubation of goat anti-rat IgG (1:15; Sigma) and a 1 hr incubation with monoclonal rat anti-peroxidase antibody (1:20; Medicorp; containing 5 g /ml horseradish peroxidase (Sigma, type IV) at room temperature. An intensified DAB reaction was performed by incubating the sections with 0.6% DAB, 0.025% CoC l 2 (BDH Chemicals, Poole, UK), and 0.02% Ni(N H 4 ) 2 (SO 4 ) 2 (BDH Chemicals) for 15 min at room temperature. H 2 O 2 was subsequently added to the DAB solution, and the reaction was continued for 10 min.
A mouse monoclonal antibody against A␤ (Grant et al., 1997 ) was used to demonstrate A␤ aggregates in the transgenic mice. Before immunostaining, brain sections were incubated in 0.5% H 2 O 2 for 30 min, followed by a treatment of 3% bovine serum albumin (Sigma) for 60 min at room temperature. Sections were then incubated with the mouse anti-A␤ antibody (1:1500) overnight at 4°C, followed by a 1 hr incubation with goat anti-mouse IgG (1:50; IC N Biochemicals, Montréal, Québec, C anada) and a 1 hr incubation with monoclonal mouse anti-peroxidase antibody (1:30; Medicorp; Semenenko et al., 1985) in the presence of 5 g /ml horseradish peroxidase (Sigma, type IV) at room temperature. After 15 min of DAB treatment, H 2 O 2 was added, and the reaction was continued for 4 min.
After immunostaining, all sections were mounted on gelatin-coated glass slides, air-dried, dehydrated in ascending concentrations of ethanol, cleared with xylene, and coverslipped with Entellan (Merck, Darmstadt, Germany).
Quantification of immunohistochemical staining. Quantification of the density of VAChT-IR presynaptic boutons was performed essentially as previously described . Briefly, a BH-2 Olympus microscope equipped with a 100ϫ oil immersion plan achromatic objective, and a 10ϫ projection lens was used. The microscope was equipped with a CCD video camera and was connected to the MCI D-M4 image analysis system (Imaging Research Inc., St. C atharines, Ontario, C anada). Immunopositive punctae were detected by the image analysis system using software devised for silver grain counting. Measurements were done following the landmarks established by Franklin and Paxinos (1997) : frontal cortex, bregma 0.26, next to the cingulum; parietal cortex, bregma 0.26, 0.6 mm dorsal to the rhinal fissure; hippocampus, bregma Ϫ2.30 mm, stratum radiatum of the CA1 region; entorhinal cortex, bregma Ϫ2.30 mm, adjacent to the piriform cortex. In the middle of every cortical lamina from the different cortical areas of each mouse, nine 8500 m 2 fields were digitized from three consecutive sections. Background staining in all fields from each brain area (ϳ250 fields from hippocampus and ϳ1000 fields from each cortical regions) was normalized separately by the M3D module from the M4 system. This correction allowed us to use a single detection threshold for measuring the number of IR presynaptic boutons. Segmentation values were selected by trial and error, and values that provided the most accurate measurements when compared with the direct visual counting of punctae on the computer screen were chosen. Once the ideal thresholds for detection were found, these values were saved in the computer program and kept at the same level for all samples. All blood vessels were excluded in the measurements. Results were expressed as the number of presynaptic boutons/1000 m 2 . In the cerebral cortex, equal numbers of fields were obtained from each cortical lamina during quantification. When calculating the global density of VAChT boutons in the cerebral cortex, the mean value of the VAChT bouton density from each cortical lamina was proportionally corrected by their percentage thickness, so as to even out the differences between thicker (e.g., lamina V) and thinner cortical lamina (e.g., lamina I). In addition, the size of VAChT boutons was also measured.
The size of ChAT-IR neurons in the N BM and medial septum were visualized and analyzed blindly in the same way as the presynaptic boutons, except that a 40ϫ objective was used instead. For the analysis of the N BM, a total of six sections from the midbasalis were taken from each animal as previously described (Garofalo et al., 1992) . These sections were chosen from the middle portion of the N BM region, with three random fields quantified for each level. The medial septum was identified on the basis of two anteroposterior anatomical landmarks: the meeting of the body of the corpus callosum at the midline marked the anterior boundary, and the midline crossing of the anterior commissure and the appearance of the fornix marked the posterior boundary. Six sections were used to analyze cell size in the medial septum. For both areas, only neurons with a clear nucleus were measured.
After completing all quantification, the identity of each mouse was unveiled for statistical analysis. Results are shown as mean Ϯ SEM. To compare the size and density of presynaptic boutons between different groups of mice, one-way ANOVA was used. Post hoc Dunnett's tests were used for pair-wise comparisons between control and different transgenic mice. Other pair-wise comparisons were performed using post hoc T ukey tests. The Pearson test of correlation was also used for studying the possible relationship between two different parameters. To compare the lamina distribution of VAChT bouton density between different groups of animals, a repeated measures ANOVA analysis was used. The level of significance was set as p Ͻ 0.05.
RESULTS
At the 8 month time point examined in this study, only the doubly transgenic mice display obvious extracellular deposits of A␤-immunoreactive material (Fig. 1) . The amyloid phenotype of the doubly transgenic animals has been described in full by McGowan et al. (1999) . Briefly, they are very similar to the A␤ deposits found in the old parental Tg2576 mice (Hsiao et al., 1996) , other APP transgenic lines (Games et al., 1995; Sturchler-Pierrat et al., 1997) , and in the human AD brain (Iwatsubo et al., 1996) . In the doubly transgenic animals, we also observed grossly distorted VAChT-IR neurites within the neuropile surrounding the plaques (Fig. 1) . Staining of VAChT-IR associated material with thioflavin S confirmed that most plaques were composed of fibrillar material, colocalizing with A␤-IR sites (data not shown). Figure 2 shows the density and the size of VAChT-IR presynaptic boutons in different brain regions of control mice (n ϭ 5). One-way ANOVA showed significant differences in both the density ( p Ͻ 0.00001; df ϭ 3; F ϭ 25.79) and the size ( p Ͻ 0.00001; df ϭ 3; F ϭ 220.07) of VAChT boutons in these brain regions. The present findings showed that the density of cholinergic innervation /1000 m 2 is highest in the hippocampus (50.10 Ϯ 2.22), followed by the entorhinal cortex (38.41 Ϯ 0.95), and lowest in the frontal (35.25 Ϯ 0.60) and parietal cortices (34.23 Ϯ 0.82). This distribution is comparable to the previous findings using acetylcholinesterase as the cholinergic marker (Mesulam et al., 1986) . In addition, we have demonstrated that the size of cholinergic synapses was significantly different between the different brain regions studied. Both the parietal (0.34 m 2 Ϯ 0.0027) and entorhinal cortices (0.34 m 2 Ϯ 0.0024) displayed the largest cholinergic synapses, followed by those in the hippocampus (0.31 m 2 Ϯ 0.0018). The smallest cholinergic synapses were found in the frontal cortex (0.27 m 2 Ϯ 0.0011). Because size differences between VAChT boutons may affect the detection of these immunoreactive elements by the image analysis system, correlation analysis was performed to see whether there is a positive correlation between the size and the density of the VAChT boutons. No correlation between the density and size of VAChT boutons in four different brain areas (r 2 ϭ 0.003; Fig. 3 ) was found, demonstrating that the change in the density of VAChT boutons was not caused by the size variation between them. These data showed that VAChT-IR elements could accurately represent the cholinergic innervation in these brain areas. Finally, analyses of the brain volume between different mice groups showed no statistical differences (data not shown). Therefore, the quantitative methodology used in this study accurately reflects the changes in the density and size of cholinergic synapses after AD-related transgenes expression. Comparisons of the density and the size of VAChT boutons in different brain areas were next performed.
PS1 M146L transgenic mice displayed no modification in cholinergic innervation
No significant differences between the PS1 M146L transgenic mice and the control mice were found for the global density of VAChT boutons in the hippocampus (Fig. 4) , the frontal cortex (Fig. 5) , the parietal cortex (see Fig. 7 ), and the entorhinal cortex (see Fig.  8 ). Also, the detailed laminar comparison of VAChT bouton density in the frontal and parietal cortices between PS1 M146L transgenic mice and control mice did not reveal significant differences (Fig. 6) . Furthermore, no changes in the size of VAChT boutons in PS1 M146L transgenic mice were found when compared with controls (Figs. 4 -8) . In fact, PS1 M146L transgenic mice displayed a similar laminar distribution of VAChT bouton density in both the frontal and parietal cortices when compared with controls (see Fig. 9 ).
APP mutants displayed upregulation of cholinergic innervation
APP transgenic mice without overt amyloid deposits displayed a significant increase in VAChT bouton density in the frontal ( p Ͻ 0.05; Fig. 5 ) and parietal cortices ( p Ͻ 0.01; Fig. 7 ). In the frontal cortex, this increase occurred significantly in lamina I ( p Ͻ 0.05) and lamina VI ( p Ͻ 0.05; Fig. 6 ). In addition, a significant increase in VAChT bouton density was found in lamina I ( p Ͻ 0.001), lamina II,III ( p Ͻ 0.05), and lamina V I ( p Ͻ 0.05) of the parietal cortex (data not shown). Thus, the increase in the cholinergic synapses in the cerebral cortex in response to expression of mutated human APP mainly occurred in the superficial (lamina I and II,III) and deep cortical laminae (lamina V I). A statistically nonsignificant increase in VAChT bouton density was also found in the hippocampus ( p ϭ 0.08; Fig. 4 ). Comparing the size of VAChT boutons in APP transgenic mice with control animals did not reveal any differences in any of the four brain areas.
Doubly transgenic mice exhibited prominent cholinergic synaptic deficits
Doubly transgenic mice showed a significant reduction in the density of VAChT boutons in the frontal cortex comparing with the control mice ( p Ͻ 0.05; Fig. 5 ). This reduction occurred selectively in lamina II,III ( p Ͻ 0.001) and lamina V ( p Ͻ 0.001; Fig. 6 ). A similar, but not statistically significant, reduction in the density of VAChT boutons could also be found in the entorhinal cortex ( p ϭ 0.10; Figs. 8, 9 ). Although the global density of VAChT boutons in the parietal cortex from doubly transgenic mice was similar to that in controls, there were less VAChT punctae in lamina II,III in this cortical area ( p Ͻ 0.05; data not shown). Interestingly, the size of VAChT boutons in doubly transgenic mice was significantly smaller than controls in both the hippocampus ( p Ͻ 0.001; Fig. 4 ) and frontal cortex ( p Ͻ 0.05; Fig. 5 ). In the frontal cortex, significantly smaller VAChT boutons could be found in lamina I ( p Ͻ 0.05), lamina II,III ( p Ͻ 0.05), and lamina V ( p Ͻ 0.05; Fig. 6 ). Despite these overall decreases in bouton size, we observed that many VAChT-IR boutons were large and distorted (Fig. 1) . Figure 10 shows light microscopic micrographs demonstrating the changes in the cholinergic network of both the hippocampus and frontal cortex.
Lack of evidence for cholinergic deficits in the entorhinal cortex
The density of VAChT boutons in different mice groups analyzed by ANOVA showed significant differences in the hippocampus ( p Ͻ 0.05; df ϭ 3; F ϭ 3.81), the frontal cortex ( p Ͻ 0.0005; df ϭ 3; F ϭ 10.38), and the parietal cortex ( p Ͻ 0.005; df ϭ 3; F ϭ 5.91). In addition, comparing the size of VAChT boutons between animal groups showed significant differences in the hippocampus ( p Ͻ 0.005; df ϭ 3; F ϭ 11.46) and the frontal cortex ( p Ͻ 0.0005; df ϭ 3; F ϭ 10.38). However, no differences in either the density or the size of VAChT boutons between these groups were found in the entorhinal cortex. Indeed, the laminar distributions of VAChT boutons in the entorhinal cortex of the different groups were similar after repeated measurements ANOVA ( p ϭ 0.24; df ϭ 9; F ϭ 1.37; Fig. 9 ). However, different laminar distributions of VAChT boutons in these groups were found in both the frontal ( p Ͻ 0.001; df ϭ 9; F ϭ 3.72) and parietal cortices ( p ϭ 0.06; df ϭ 12; F ϭ 1,84). Because measurements of the thickness of these cortical regions revealed no difference between the groups (data not shown), these data show that transgene expression has subtle effects on the organization of cholinergic network in certain areas of the brain. 
Local reorganization of cholinergic network without apparent modifications of the cell bodies of basal forebrain nuclei
Although there were changes in the cholinergic innervation in the hippocampus and cerebral cortex, the sizes of cholinergic neurons from the medial septum and N BM were similar between different mice groups (Fig. 11) . Indeed, results from ANOVA showed no significant difference in cell size from the medial septum ( p ϭ 0.140; df ϭ 3; F ϭ 2.048) and N BM ( p ϭ 0.74; df ϭ 3; F ϭ 0.419). An investigation of the possible relationship between the size of these cholinergic neurons and the density of the corresponding VAChT innervations showed no correlation between the septal cell size and VAChT density in the hippocampus (r 2 ϭ 0.002) and no correlation between the NBM cell size and VAChT density in the frontal cortex (r 2 ϭ 0.004).
DISCUSSION
We have found a rather complex interaction between the steady state number and size of cholinergic synapses in transgenic mice with different AD-related mutated transgenes and amyloid bur- . Data represent the mean Ϯ SEM. Results from repeated measurement ANOVA displayed a significant difference between mice groups when comparing the laminar organization of cholinergic synapses in the frontal cortex ( p Ͻ 0.001), thus implying a significant reorganization of the cholinergic network after the expression of the human, mutated transgenes. Note the different patterns of cholinergic synaptic laminar distribution in APP K670N,M671L and doubly transgenic mice, but not in the PS1 M146L transgenic mice, when compared with control mice. Less prominent changes ( p ϭ 0.06) were found in the parietal cortex, which could be caused by the prominent elevation in VAChT bouton density of APP K670N,M671L transgenic mice. In contrast, the cholinergic synaptic laminar distribution in the entorhinal cortex of the different transgenic mice displayed similar patterns ( p ϭ 0.24) after repeated measurements ANOVA.
den. At the age investigated (8 months), expressing PS1 M146L alone had no effect on the density of cholinergic synapses. Unexpectedly, expressing APP K670N,M671L only upregulated the density of cholinergic synapses in the frontal cortex, the parietal cortex, and the hippocampus. In contrast, expressing these two mutations together in doubly transgenic mice (PS1 M146L ϩ APP K670N,M671L ) led to decreases in both the density and size of cholinergic synapses in the frontal cortex and hippocampus. Thus, it appears that some features of the double transgenic animal, which could include synergistic transgene interactions, elevated A␤42(43) levels, or extensive amyloid deposition, are responsible for the cholinergic deficit.
In this study, we have used a relatively new cholinergic marker, VAChT, to label cholinergic terminals in different cortical regions. This protein has been shown to be a reliable and specific marker to identif y cholinergic synapses. Colocalization of both the VAChT mRNA and the corresponding protein with the cholinergic marker, ChAT, has been substantiated (Gilmor et al., 1996) . VAChT is therefore a more specific marker to reveal cholinergic networks than acetylcholinesterase, which has been shown to be present not only in cholinergic neurons, but also in cholinoceptive neurons (for review, see Butcher and Woolf, 1984) .
Although knock-out studies have shown that PS1 has an important developmental role (Shen et al., 1997; Wong et al., 1997) , the consequence of AD-linked mutations in PS1 is currently thought to be related to a gain-of-f unction activity on APP metabolism (Davis et al., 1998; Qian et al., 1998) . Mutated PS1, but not wild-type, overexpression causes a 52% increase in the level of A␤42/43 in PS1 M146l mice (Duff et al., 1996) . However, no deposition of A␤ or impaired performances in learning tests were reported in this mouse line (Holcomb et al., 1998) . Parallel to these findings, we have shown that overexpressing PS1 M146L alone does not affect either the density or the size of the cholinergic synapses.
The increase in cholinergic synaptic density in APP K670N,M671L transgenic mice was an unexpected finding, because A␤ levels are known to be greatly elevated in the APP mice relative to PS1 and nontransgenic animals (Hsiao et al., 1996; Holcomb et al., 1998) . Furthermore, APP mice at a similar age have been reported to show cognitive impairment in the spontaneous alternation paradigm (Hsiao et al., 1996; Holcomb et al., 1998; and unpublished data) . The APP protein has however, been well documented to have trophic properties. Transgenic animals overexpressing other forms of mutated APP (APP C695T ) also exhibited synaptogenesis in the frontal cortex (Mucke et al., 1994) . Thus, overexpressing full length mutated APP in the mouse brain might not only increase the production of potentially toxic A␤ peptides but also the potential neurotrophic fragments of APP, such as the secreted region of APP. These neurotrophic fragments could lead to an upregulation of cholinergic synapses. Alternatively, these changes could be caused by the direct action of A␤ on cholinergic terminals. For instance, A␤42 or A␤43 peptides have been shown to potently inhibit the K ϩ -evoked acetylcholine release from hippocampal slices, an effect that cannot be induced using scrambled, reverse, or all-D-isomer A␤ sequences (Kar et al., 1996) . In this scenario, the sustained inhibition of cholinergic synaptic functions might provoke, but not sustain, early compensatory changes or even sprouting of the cortical cholinergic network. Cognitive impairment induced by a reduction of cholinergic inputs can be corrected by increasing the production of acetylcholine in the terminal field of those inputs (Winkler et al., 1995) . However, the observation that this transgenic line displayed cognitive deficits (Holcomb et al., 1998) might suggest an effective inhibitory effect of A␤ on the release of acetylcholine. Alternatively, the newly created cholinergic boutons could be aberrant and dysfunctional. Detailed time course studies of A␤ levels, amyloid aggregation status, and the cholinergic status in these transgenic lines will therefore be important to understand the significance of these reported changes in the terminal cholinergic network of the neocortex. This is the first study to show that mutated APP K670N, M671L acts synergistically with mutated PS1 M146L in eliciting cholinergic pathology. The decrease in cholinergic synaptic density was found to be more marked in the frontal cortex associated with an interesting decrease of their sizes. Furthermore, some cortical laminae actually showed a decrease in the size, but not in the density of cholinergic synapses (e.g., laminae I in the frontal cortex; Fig. 6 ). The widespread, regressive structural changes (shrinkage and loss of boutons) of the cortical cholinergic input would imply diminished f unction of the cholinergic system, an aspect that requires direct biochemical and electrophysiological confirmation. Because the cortical cholinergic network has been shown to be important in the development of memory (Winkler et al., 1995; Dykes, 1997; Tang et al., 1997; Sachdev et al., 1998) and seems to play an active role in the f unctional reorganization of the cortex after learning (Juliano et al., 1991; K ilgard and Merzenich, 1998) , it is highly likely that the observed structural changes of cortical synapses contribute significantly to the behavioral impairments already observed in these transgenic mice (Hsiao et al., 1996; Holcomb et al., 1998) .
Compared with the singly transgenic APP K670N,M671L mice, the doubly transgenic mice display an earlier AD-like phenotype (Holcomb et al., 1998 ) that includes an increase in both A␤1-40 and 1-42 levels and the aggregation of A␤ into fibrils. Because overexpressing APP K670N,M671L alone at this time point resulted in a completely opposite state in the cortical cholinergic network, and mutated PS1 overexpression alone had no effect, the accumulation or deposition of A␤ was though to play a crucial role in the establishment of cholinergic pathology in these transgenic lines and probably in human pathology. Whether this reflects intracellular accumulation of a soluble or fibrillar A␤ species or extracellular deposition could not be determined at this stage.
Although we have shown that cholinergic inputs to the cerebral cortex and hippocampus varies with the expression of different transgenes, changes in the size of the basal forebrain neurons were not found in any mouse at 8 months of age. This finding differs from studies on AD patients, which have shown that modification of the cholinergic inputs in the cortex is the result of either death or atrophy of the basal forebrain cholinergic neurons (Perry et al., 1978; Whitehouse et al., 1982; Pearson et al., 1983; Katzman, 1986) . The lack of cell body atrophy could be related to the fact that massive loss of cerebral cortex tissue is required to provoke somatodendritic atrophy in the nucleus basalis Garofalo and Cuello, 1994 ). Therefore, a higher level of cortical pathology is required to elicit a retrograde involvement of the cholinergic basalocortical projection. Such a cholinergic atrophy, as found in AD, has been previously proposed to be a secondary event to the cortical pathology (Cuello and Sofroniew, 1984) . Furthermore, we have also observed a depletion of the cortical cholinergic synapses (ϳ23%) after prolonged administration of NGF peptide mimetics acting as TrkA antagonists without noticeable change in the cell body size of nucleus basalis neurons (Debeir et al., 1998) . We plan to examine these mice at later time points to establish whether basal forebrain cholinergic deficits develop later than cortical network deficits.
Apart from overall changes in the density of cholinergic synapses in different areas of the cortex, the laminar distribution of these synapses is also affected by mutated transgene expression. A significant change in laminar distribution of cholinergic synapses was found in the frontal cortex in APP K670N,M671L and doubly transgenic mice ( p Ͻ 0.05). In humans, a subtle differential laminar organization of cholinergic innervation has also been shown across regions of the cerebral cortex (Lysakowski et al., 1989) . It is therefore possible that regional decreases in cholinergic innervation may have significant consequences for the learning process (Perry et al., 1984; DeKosky et al., 1985) . Further studies are needed to unravel the significance of the laminar organization of cholinergic synapses in the cognitive performance of rodents and in the human species.
In humans, AD neurofibrillary pathology appears to commence in the entorhinal cortex, spreading into the hippocampus and isocortex (Braak et al., 1993; Braak and Braak, 1996) . In doubly transgenic mice at 8 months of age, cholinergic pathology was found primarily in the frontal cortex and the hippocampus with little involvement of the entorhinal cortex. In situ studies on these animals (data not shown) have shown that the spread of amyloid deposition follows the expression pattern of the PS1 transgene, which is most prominently expressed in the cingulate cortex followed by the hippocampus. The correlation between cholinergic pathology in the frontal cortex and initial amyloid burden, with relative sparing of the entorhinal cortex, may explain the differential topography between the cholinergic pathology observed in humans and the AD-like animal models.
In conclusion, these studies illustrate that the expression of AD-related mutated genes in mice provokes profound modifications of cholinergic networks in different regions of the cerebral cortex and hippocampus. E xpression of PS1 M146L alone did not induce cholinergic pathology. However, coexpression of APP K670N,M671L and PS1 M146L induced a reduction in both the density and the size of cholinergic synapses in several cortical regions and hippocampus. Unexpectedly, the expression of APP K670N,M671L alone resulted in an increase in the density of cholinergic synapses. Unlike the pathogenesis of human AD, the cholinergic inputs to both the entorhinal and parietal cortex were not significantly affected. These findings illustrate the complex relationship existing between the expression of mutated ADrelated genes, the resulting amyloid burden, and the pathogenesis of the cortical cholinergic network. Furthermore, these studies highlight the usef ulness of transgenic mutants as viable animal models for the study of the synaptic and transmitter pathology known to be prominent in AD-related cognitive deficits.
